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SPIN WAVES OF A LAYERED FERROMAGNETIC ELECTRON GAS AND OF A PARAMAGNETIC ELECTRON GAS IN
Spin waves may be found in a multiple layered electron gas (LEG) if either the system is ferromagnetic, or if it is even non-magnetic but placed in a strong external magnetic field. In both cases it is important that the Coulomb interaction between the electrons is strong enough to allow the spin wave propagation. To understand these excitations we assume that the electron gas layers are parallel to the xy-plane and that the magnetization or the external magnetic field has the direction of the %axis. Then all operator expressions may be expanded with respect to the following complete sets of orthonormal single-particle wave functions, 1
in the case of a ferromagnetic LEG, and for the non-magnetic LEG in an external magnetic field, where R = (r, z) r (x, y, z) and
is a Bloch function solving the one-dimensional Schrodinger equation with a periodic potential V (z) and X u is a normalized spin function. The function Enky (x) is the n-th normalized eigenfunction of a harmonic oscillator, centered on the point xo = -kya2, where a2 = Ac/eB = filmw, is the square of the magnetic length. Assuming that only one tight-binding band will be important, the band index v will be suppressed such that the one-particle energies corresponding to (1) are
2m 2 and corresponding to (2) the degenerate energies are
where a = f 1. In the case of the wave functions (1)
the Hamlltonim for the system is given by with the Coulomb interaction matrix element introduced by Fetter [I] 2ne2 sinh qd
In the case of the wave functions (2) we get the Hamiltonian nko -where V (Q) is again given by the Fetter model (6) and
The spin wave spectra may now be found as poles of the transverse susceptibility where the spin-density operators S* (fQ) are expanded either with respect to the system (1) or with 
(12)
The second term of (12) is negative in sign. Furthermore one may show that this term diverges logarithmically as log ( E F / A ) with vanishing band width A(EF is the Fermi energy). This means that equation (12) cannot be satisfied in the zero band width limit. In other words, an instability of the paramagnetic state is to be expected only for a finite band width, i.e. the ferromagnetic ordering may occur only in the presence of tunneling processes. Equation (12) also shows that it is important to describe the layered system by ( where
is the filling factor (N," is the number of electrons per layer). The first term in (13) is the Zeeman energy, g,u~=fL~,g/2. The second one corresponds to spin wave propagation in zdirection (for Q = 0') similar to (10) and the third term is characteristic of electrons in a very strong field B interacting via the Fetter model (6).
We note that the long-wavelength spin wave (13) lies outside the Stoner continuum (for small a) and is therefore undamped in that region. The mode (13) should be found in experiments with multiple GaAs-(A1Ga)As heterostructures of inter-layer spacing d of about 50-1000 A in an applied magnetic field B = 10 5...io6 G .
